by NASA Dryden during Phase 0 was also to be used for the planned drag reduction tests.
Design Requirements
The formation autopilot controlled only the lateral and vertical motion of the airplane because hardware restrictions limited the number of available command outputs to two. The primary design goal has been to achieve precision tracking during steady, level flight.
Performance requirements for the formation autopilot specify that the formation control accuracy be within 1 standard deviation of 10 ft. This position-error budget is partitioned into two categories: navigation uncertainty, and controller performance.
These two random and uncorrelated error sources are combined as the root of the sum of their squares:
where e is the total uncertainty, eN is the navigation uncertainty, and ec is the uncertainty in controller performance. Navigation uncertainty has been allocated ±4 ft based upon the results of preliminary piloted risk-reduction flight tests. The remaining approximately ±9 ft of position error is the performance design goal of the formation autopilot.
Three levels of stability robustness requirements ( systems on both aircraft, an air-to-air telemetry system, a research computer, a flight crew interface, and a set of specially modified F/A-18 flight control computers. This approach reduced cost and development time for the experiment.
Research Aircraft Description Figure 1 shows the two NASA Dryden F/A-18 aircraft used for this experiment.
A two-seat chase-support airplane equipped with a GPS receiver and a telemetry system served as the leading airplane; the Systems Research Aircraft (SRA) served as the trailing one. In addition to its research instrumentation, GPS receiver, and telemetry modifications; 5 the SRA was outfitted with the experimental formation flight systems described in the following section. A third NASA Dryden chase-support airplane was occasionally used for video and photographic documentation of the experiment.
The NASA Dryden F/A-18 "Class B" flight envelope defines operational limits within which simulation analysis has shown that any combination of fully deflected control surfaces will not cause structural damage to the aircraft nor put the aircraft in an unrecoverable condition. This envelope is bounded by a maximum airspeed of 250-kn calibrated airspeed and an altitude range from 20,000 to 32,000 ft. A single design condition has been selected within this envelope: Mach 0.56 and an altitude of 25,000 ft. This point is in the middle of the Class B altitude range and is at a reasonably high dynamic pressure for good aircraft controllability. The single-point design has been evaluated in the simulation and cleared for operation within an altitude band of 20,000 30,000 ft at a constant indicated airspeed. 
Formation Flight Systems Overview
The formation flight systems were located on the trailing airplane and integrated an air-to-air telemetry receiving system and a research flight control system. 
where Xl(t ) is the GPS-measured position, z(t) is the true position, and n l(t ) is the measurement error. 
where x2(t ) is the INS-measured position, z(t) is the true position, and n2(t ) is the low-frequency error caused by integration drift.
The two independent relative-position measurements are combined together using a complementary filter 11 to provide formation navigation information to the control algorithms ( fig. 5 ). By subtracting one measurement from the other (x 2 x 1), the error (e n 2 n 1) is obtained. A first-order low-pass filter, 
Air-to-Air Navigation Accuracy
The leading airplane used production F/A-18 autopilot modes to maintain constant heading, altitude, and airspeed. Desired lateral, vertical, and nose-to-tail separation distances between the aircraft were selected by the flight test engineer through the pushbutton display. When the research system was engaged, the trailing airplane automatically made all of the adjustments necessary to correct for lateral and vertical relative-position errors from the specified location within the formation. Nose-to-tail separation was regulated by the pilot through throttle adjustments.
All testing was performed in formations that allowed the pilot of the trailing airplane good visibility of the leading airplane. A nose-to-tail separation limit between the two aircraft of 56 ft was imposed to mitigate the possibility that errant pitch or roll inputs from the research system would result in a collision between the two aircraft while in formation flight. This limit equates to one aircraft body length, and ensured that adequate maneuvering room was available for the trailing airplane after the pilot disengaged the research control Step Command Response
Step response characteristics of all four gain sets were crisp and predictable. Pilot comments indicate that gain set "C" is a little too aggressive, although acceptable. 
. The formation autopilot also showed acceptable behavior beyond the scope of its design concept during maneuvering flight. More phase lag was observed in the lateral axis than in the vertical, although both axes remained stable. Tracking response during descending flight was excellent, exceeding the steady-state design requirement of±10 ft.
The strong level of agreement between simulation predictions and aircraft response in flight has provided confidence in the design tools used in development. The performance of the formation autopilot demonstrated the feasibility of this type of tracking system for more advanced applications.
